ABSTRACT: The recent decline in the Baltic cod Gadus morhua L. has been accompanied by an increase in population variability. Small population size, poor recruitment, and high population variability may be factors contributing to their imminent (commercial) extinction. Here we show that variable harvest rate, rather than variable recruitment, is the plausible cause of the increased variance in Baltic cod stock size. This calls for a reconsideration of the role of harvesting as a driving force in exploited populations. The mean exploitation rate, and also the variance, ought to be taken into account in fisheries and other population management.
In exploited fish populations, most of the variance in stock size is attributed to highly variable recruitment (Fogarty et al. 1991) . Understanding the recruitment process and how it relates to stock size (i.e., the often sought for stock-recruitment functions) and to environmental stochasticity is of central importance to fisheries science and management (Fogarty et al. 1991 , Walters & Parma 1996 . In many, if not most, exploited marine fish populations, fishing mortality is the other major force affecting stock size. Harvesting is very often thought of as a relatively constant disturbance over time, pushing down the mean population size unless there is complete density-dependent compensation (Boyce et al. 1999) . In practice, harvest rate will vary and could be described by a beta distributed stochastic variable if, on average, a constant proportion is removed from the population over time (Lauck et al. 1998) . The mean and variance of a beta distribution are determined by 2 parameters, α and β. If α and β are equal, the probability density function is symmetric around 0.5. For further details about the beta distribution, see any textbook on probability theory. The lack of precision in attaining the target harvest rate may have several causes, but the question of how variable harvesting and recruitment act in concert with the deterministic (density-dependent) skeleton of population dynamics to produce the observed pattern has largely been ignored (Patterson 1999 , Mangel 2000 . This hints at the more general ecological problem of how environmental stochasticity translates into observable population dynamics.
In the Baltic Sea, there are 2 stocks of Baltic cod Gadus morhua L., one on either side of longitude 14°30 ' E (Bagge et al. 1994) . The eastern stock has declined since the mid-1980s (Fig. 1 ) and its recruitment, which is also dependent on the rare occasions of salt-water inflow (Bagge et al. 1994) , has been weak since 1989. However, inflow as such does not ensure good recruitment, rather a number of biotic factors -including spawning stock biomass and age structure -interact with environmental factors such as oxygen content and salinity (see, e.g., Kuikka et al. 1999 , Vallin et al. 1999 . In this paper, we will first demonstrate that not only has the Baltic cod declined to a very low level, but that the dramatic decline has been accompanied by an increasing variance in stock size. Second, we argue that the variable exploitation of this fish stock itself, rather than poor and variable recruitment, may be responsible for this pattern.
Methods. We have analysed commercial and research survey data from the eastern stock in ICES (the International Council for the Exploration of the Sea) subdivisions 25 to 32 (Anonymous 1998). One time series, independent of commercial fisheries, is the Swedish survey estimate of abundance. Here we call this abundance index N t . Spawning stock biomass (SSB, thousands of tonnes) and fishing mortality (F) are calculated by ICES using a Virtual Population Analysis (see, e.g., Hilborn & Walters 1992 ; for details, see Anonymous 1998) and the recruitment is the estimated number (in thousands) of 2 yr cod at the beginning of the year (Anonymous 1998). Finally, landings (thousands of tonnes) refers to commercial catch. To simplify the analysis for a reader not familiar with traditional fisheries terms, we converted the F to an annual harvest rate or fraction (h) according to:
Direct and delayed density dependence were estimated by regressing the population rate of changedefined as R t ≡ log e (N t + 1 /N t ) -on N t and N t-1 (partialling out the effect of N t ). This test, known as Turchin's test (Turchin 1990 , Holyoak 1994 , has a high detection rate of density dependence but may sometimes detect spurious correlation (Holyoak 1994). Hence, a negative correlation would not necessarily indicate density dependence (Royama 1992), but the absence implies no, or possibly weak, density dependence. We denote the regression coefficient corresponding to lag 1 and lag 2 by a 1 and a 2 , respectively.
To demonstrate how the variance in abundance, recruitment and fishing mortality has changed over time, we used a sliding (1 year at a time) time window covering the entire series (Ranta et al. 1997) . Before this analysis, data were detrended by first-order differencing (Chatfield 1999). The exact variance pattern is dependent on the length of the sliding time window (see examples below).
Finally, we regressed the estimated yearly landings on SSB for the entire time period to highlight how the harvest rate is related to biomass. This analysis was complemented by fitting a beta-distributed probability density function to the time series of annual harvest rate, resulting in an estimate of both the mean and the variance in harvest rate. Results and discussion. There were no significant regression coefficients when regressing the population rate of change on population density, suggesting no density dependence or possibly weak regulation. The regression coefficient at a 1 was -0.26 (95% CI = -0.64 -0.13; R 2 = 0.15; p = 0.12), and adding a second lag did not significantly reduce the unexplained variance (a 1 = -0.039; 95% CI = -0.66 -0.59; a 2 = -0.27; 95% CI = -0.89 -0.35; R 2 = 0.22; p = 0.17). This is not surprising considering that the population is pushed down far below historical levels (Fig. 1) . By definition, the rate of change (R t ) is potentially a function of not only past densities, but also of recruitment and mortality not captured by including past densities. We find a weak correlation between recruitment and R t (r = 0.14) but a 4 to 5 times stronger correlation between fishing mortality (F ) and R t (r = -0.62). Hence, harvesting seems to be the dominating factor for the population growth rate while density dependence and poor recruitment play only a minor role.
The survey index of stock size (N t ) also shows that the coefficient of variation -a proxy for extinction risk -has increased over time (Fig. 1c) . Hence, we have a declining population at low density fluctuating with increasing amplitude relative to the mean level. Since the growth is close to exponential -(i.e. no density dependence), the population is unable to compensate for losses, a hazardous situation from a management and conservation point of view. To argue that the stock has compensated for losses in the past is not necessarily relevant, due to a temporal change in biotic (e.g., age composition) as well as abiotic factors (Kuikka et al. 1999) .
It is well documented that recruitment, and therefore total stock abundance, may be driven by long-term environmental changes in marine systems (Steele 1985 , Fogarty et al. 1991 , Walters & Parma 1996 . We could not, however, find any association between recruitment variability and the variability in SSB in the declining Baltic cod stock (Fig. 2) . This relates to the 293 Fig. 2 . Change in population, recruitment, and fishing mortality variability over time. In all 4 cases, the variance of the time series was calculated in a 3 (solid line), 5 (dashed line) or 7 yr (dotted line) sliding (1 year at a time) time window covering the entire series. All series were detrended by first-order differencing and SSB and N t were log e -transformed before the detrending. show that the variability in estimated stock size (N t and SSB) has increased over time, and so has the variability in fishing mortality. Recruitment variability has, however, remained rather constant previous finding that variation in stock size can rarely account for the observed variation in recruitment (see, e.g., Rijnsdorp et al. 1991 , Marshall et al. 1998 , Cardinale & Arrhenius 2000 Another factor causing the increased variability in stock size is a rise in harvest rate variability. There are strong theoretical indications that a stochastic disturbance (e.g., harvest with a constant target fraction) may generate a substantial increase in the variability of population size (Kaitala et al. 1996) . There is likewise strong empirical support for the assumption of a constant target harvest rate in the Baltic cod fisheries. We regressed the estimated yearly landings on SSB for the entire time period and found a strong linear relationship (Fig. 3) . The slope of this regression line (0.54) is the average (target) harvest rate. This finding was substantiated by fitting a beta distribution to the ICES data on fishing mortality and the estimated mean harvest rate was 0.56, remarkably close to the landings versus SSB estimate. Interestingly, the variance in harvest rate increased over time such that this change very closely matches the increase in variance of stock size (Fig. 2) . Hence, it seems reasonable that the recent increase in variance of the Baltic cod stock is explained by variable fishing effort, rather than variable oceanographic conditions mirrored in recruitment. Note, however, that the observed increase in variance in harvest rate as well as SSB is probably affected by false reports in the early 1990s (Anonymous 1999).
Previous work on variable (or rather uncertain) harvest rate has focused on the probability of a defined management success for different coefficients of variation in harvest rate distribution (Lauck et al. 1998 , Patterson 1999 , Mangel 2000 . Our approach is different and more mechanistic. Instead of finding appropriate management strategies in the face of uncertainty vest rate 1970 to 1998 (bars) and the fitted beta probability density function (pdf, solid line). The maximum likelihood estimated parameters of the beta distribution, α = 13.1 (95% CI 7.3 to 18.9) and β = 10.2 (95% CI 4.9 to 15.5), correspond to mean = 0.56 and variance = 0.001 (including variable harvest rate), we have tried to reduce uncertainty by disentangling the effects of population density, environmental variation and harvesting. This approach has turned out to be successful in population ecology (Ranta et al. 1999 ) and should also be promising in natural resource management, including fisheries (Stenseth et al. 1999) . In fact, we strongly believe that fisheries management would benefit from an increased understanding of the synergistic effect of endogenous (e.g., density-dependent recruitment) and exogenous (e.g., harvesting) components of population dynamics. This study clearly demonstrates how harvest may work as stochastic forcing and actually dictate the fluctuations if the endogenous dynamics are close to exponential growth. We have, however, completely ignored observation uncertainty, which of course is present in the survey data as well as in the reported catch data. There are 2 possible effects of observation uncertainty in this study. First, Walters & Ludwig (1987) have shown that observation uncertainty results in the overestimation of the amount of density dependence if the regulation is weak. Since we did not find any density dependence and the assumption of weak regulation seems reasonable, this should not be a problem here. Second, when a population drops to low density, the observation uncertainty may increase due to increased sampling variance. That could possibly explain the variance patterns found. However, the survey has been more standardised in recent years (B. Sjöstrand pers. comm.). Hence, the net effect of better sampling of a stock at low density is not yet clear. Furthermore, the strong correlation between fishing mortality and population growth rate is reasonable considering the absence of density dependence and the high fishing mortality.
On average, more than 50% of the eastern Baltic cod stock is harvested every year, which is above the recommendations for sustainable exploitation (about 45%) given by the ICES Advisory Committee on Fishery Management (ACFM) (Anonymous 2000). However, the variation in harvest rate is striking, and our new findings suggest that not only the mean harvest rate is far too high, but also that the (increased) variability in harvest rate may be of profound importance for population persistence. If no action is taken to reverse the negative trend and dampen the fluctuations, one would expect the Baltic cod to tread the same route as the Northern cod off Newfoundland and Labrador (Hutchings & Myers 1994 , Myers et al. 1997 : the route to commercial extinction.
